A structurally-based viscosity model (using a few optimized parameters) is proposed to represent viscosity as functions of both temperature and composition for the CaO-MgO-Al2O3-SiO2. The model represents the slag structure through the different types of oxygen ions formed in the melt. Approximate methods for calculating the concentrations of these different types of oxygen ions are proposed and are then used to describe the effect of melt structure on viscosity. The model provides a good description of the viscosity behavior varied with composition and temperature within the CaO-MgO-Al2O3-SiO2 system. This includes pure systems: Al2O3 and SiO2; binary systems: CaO-SiO2, MgO-SiO2, Al2O3-SiO2 and CaOAl2O3; ternary systems: CaO-MgO-SiO2, CaO-Al2O3-SiO2 and MgO-Al2O3-SiO2; quaternary system: CaOMgO-Al2O3-SiO2. The different roles of CaO and MgO on viscosity are also discussed; these tend to differ in melts with or without Al2O3. In the absence of Al2O3, CaO reduces the viscosity more than MgO. In contrast, when Al2O3 is present, the Ca 2+ ions take priority over Mg 2+ ions in the charge-compensation of Al
Introduction
The viscosities of aluminosilicate melts are important because of their dramatic effect on pyrometallurgical processes and also because of their sensitivity to the slag structure. For instance, reliable viscosities are needed (i) to guarantee smooth operation of the blast furnace (ii) for foaming processing (iii) for the successful separation of metal and slag during the basic oxygen steelmaking process and (iv) in the continuous casting process where the slag acts as a lubricant. From the view point of the reaction kinetics, most metallurgical reactions are diffusion-controlled and which can be directly related to the viscosity of the molten slag. Therefore, accurate viscosity values are essential for the optimization and improvement of metallurgical processes. However, obtaining data only by experimental measurements are both time-consuming and sometimes inaccurate (or impossible) because of the difficulties associated with high temperature operations (or the high melting point of some compositions). Consequently, there is a proven need for a model to estimate the viscosity as a function of temperature from the chemical composition of the slag.
It has been pointed out that the term in the Arrhenius equation covering the activation energy for viscous flow for alumino-silicate melts is a non-linear function of composition. 1) Thus the initial addition of basic oxides to aluminosilicates causes a rapid decrease in the activation energy of viscosity but this attenuation becomes less steep as the basic oxide concentrations increase. Among the different viscosity models, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] the Riboud et al. model 2) expresses the activation energy as a linear addition of components; this can not reflect the non-linear variation of activation energy with composition. The Urbain model 3) utilizes a polynomial function of composition with an order of 3, whereas Zhang et al. 4, 5) express the activation energy as a polynomial function of the three types of oxygen (introduced by Fincham and Richardson) 12) with the highest order of 3 to describe the nonlinear behavior.
In our previous paper, 13) a new viscosity model was developed to represent the viscosity data of the CaO-MgOFeO-MnO-SiO2 system. This model is extended to include Al2O3 below (i.e. the, CaO-MgO-Al2O3-SiO2 system, which is a fundamental system with great industrial significance.
Model

Model Description
At a constant pressure, viscosity is mainly dependent upon composition and temperature. Therefore, one task when modeling the viscosity is to find an expression relating the viscosity to both composition and temperature. The where the values of E of 572 516 and the lnA of 17.47 are the Arrhenius parameters for pure silica. 13) The parameter, k, can be obtained from the viscosity of a specific binary system MxOy-SiO2. For a multi-component system, the value of parameter lnA is assumed to be the linear addition of the values for the individual binary systems with correction for the re-normalized mole fractions of component i except SiO2. 4, 11) Therefore, the parameter k can be calculated as follows,
The activation energy of viscosity, E in Eqs. (1)- (2) is expressed in the following way to describe the nonlinear change of viscosity with composition, 13) ......................... (4) where no' is the number of other types of oxygen except bridging oxygen OSi (these will be defined in the following sections), mol. It is necessary at this point to introduce brief descriptions of the different oxygen ions present in the melt.
The Different Types of Oxygen Ions
It is not our intention to determine the different types of oxygen ions derived from the real structure of alumino-silicate melts, since this is exceedingly complex. Instead, the different types of oxygen ions associated with the bonded cations are calculated using an approximate method. In silica melts without Al2O3, three types of oxygen exist, namely, (i) bridging oxygen OSi (ii) non-bridging oxygen (iii) free oxygen Oi. In melts containing several basic oxides, for the convenience of modeling, the oxygen ions bonded to different metal cations are neglected.
For alumino-silicate melts, the condition is more complicated because of the amphoteric nature of Al2O3. In order to discuss the different types of oxygen ions, it is necessary to understand the different forms of the Al 3+ ions present in the melt. An Al 3+ ion can form an tetrahedron, and can be absorbed into a unit such as a chain providing there is enough metal cation present to charge balance the Al 3+ ion. In the present model, all the Al 3+ ions are assumed to form the tetrahedron if the mole fraction of basic oxide MxO is higher than that of the Al2O3. There is a considerable dispute over the form adopted by an Al 3+ ion when it is not charge balanced, and two main structural models have been proposed. The coordination model 14, 15) considers this type of Al 3+ ion to be octahedral coordination. Based on the viscosity measurements for the MgO-Al2O3-SiO2 system, there is some indications that highly-coordinated aluminium species may be dominant in the highly peraluminous liquids (MgO/Al2O3 < 1).
16) Lacy 17) pointed out the structure of Al 3+ ion with high oxygen ion coordination is energetically unstable. Moreover, he suggested the tricluster model in which considered that Al 3+ ion remained tetrahedrally-coordinated with a tricluster structure being formed by Al 3+ ions which were not charge balanced. Such triclusters are found to exist in silica-free calcium aluminate crystals 18) and calcium aluminate melts 19) at high temperature. Toplis et al. 16, 20) also showed that this structure may be dominant in the peraluminous Na2O-Al2O3-SiO2 and CaOAl2O3-SiO2 melts. Zirl et al. 21) provided evidence for their existence of triclusters in CaO-Al2O3-SiO2 melts from molecular dynamics simulations. In summary, it is considered that the two structures proposed for Al 3+ It has been pointed out 13) that the traditional thermodynamic models, e.g. Toop and Samis, 22) Ottonello 23) etc., have their own defects in calculating the number of different types of oxygen ions. In this paper, a simple method has been proposed and will be extended to the melt containing Al2O3. The details are given as follows.
The Calculations of Numbers of Different Types of
Oxygen Ions 2.3.1. MxO-SiO2 System When adding basic oxide MxO to the pure silica, the free oxygen Oi from MxO reacts with the bridging oxygen OSi from SiO2 to produce a non-bridging oxygen . It is assumed that the equilibrium constant of this reaction is infinite (Assumption I). Therefore, the numbers of different types of oxygen can be calculated as follows, :
....... (5) :
For a system containing several basic oxides , the numbers of different types of oxygen ions can be calculated by the random mixing rule (Assumption II): first, calculate , and nOi using Eqs. (5)- (6) and by assuming the system is a pseudo-binary system. Then each term is multiplied to account for the re-normalized mole fractions of basic oxides (Eqs. (7) and (8) 47 . ions. In the viscosity models reported by Urbain, 3) Kondratiev et al. 24) and Nakamoto et al., 25) CaO and MgO play similar roles in the compensation of Al 3+ ions. However, this is unreasonable because of the strong interaction of the Mg 2+ ion with other ions because of its small radius (relative to that of the Ca 2+ ion). Thermochemical 26, 27) and spectroscopic data 28, 29) .... (25) ... (26) .. (27) . 
Al, Mg 
The Optimization of Model Parameters
The following parameters are needed for the CaO-MgO- ion, respectively and αAl,i and (i = Mg, Ca), describe the deforming ability of the bond around the bridging oxygen bonded with Al 3+ ion compensated by an i ion, and the bond around the non-bridging oxygen bonded with an i ion and an i ion compensated Al 3+ ion. Lastly, describes the deforming ability of a bond around the non-bridging oxygen bonded with a Mg 2+ ion and an Al 3+ ion compensated by a Ca 2+ ion. For the above 13 parameters, ki and (i = Mg, Ca) are optimized using the viscosity data for (MxO)i-SiO2 binary systems; kAl and αAl are optimized using data for the Al2O3-SiO2 binary system and αAl,i and from data for the (MxO)i-Al2O3-SiO2 ternary system. Finally, the values for are optimized using data for the CaO-MgOAl2O3-SiO2 quaternary system. It can be seen Eqs. (5) and (6) involve the optimization of parameters αMg and αCa and require viscosity data for (MxO)i-SiO2 compositions where ≤ 1/3. However, there are no data in the literature for either the CaO-SiO2 or MgO-SiO2 systems because of the high melting points in this compositional range. In our previous paper, 13) αMg and αCa were calculated by (where T m is the melting point of pure oxide), and the value of αFe can readily be optimized by using the data for the low melting, FeO-SiO2 system for compositions where ≤ 1/3. Therefore, only 11 parameters need to be optimized. The optimized parameters are given in Table 1 . The viscosity at a specific temperature and composition can be calculated using Eqs. (1)-(4).
Results
In order to evaluate the performance of the present model, the mean deviation defined as (where ηi,cal and ηi,mea are the calculated and measured viscosity, respectively, and N represents the number of the samples) is used. 
MO-SiO2 Binary System and CaO-MgO-SiO2
Ternary System In the early publication, 13) the viscosity data of CaOSiO2, MgO-SiO2 and CaO-MgO-SiO2 systems has been well represented by the present model. The viscosity decreases quickly with additions of MO in high SiO2 range, while the variation becomes gently with the gradual decrease of the SiO2 content. The model is capable of expressing the non-linear change of the activation energy for viscous flow with composition.
Al2O3-SiO2 Binary System
Rossin et al. 30) and Urbain et al. 31) measured the viscosity of slags in the Al2O3-SiO2 system, with the SiO2 mole fraction range of 0.3-0.94. The experimental data were optimized to yield values of, parameters kAl and αAl. The estimated values are compared against experimental values in Fig. 1 ; the mean deviation was found to be 30.5%. Although the deviation is larger in this case, it is reasonable given the experimental error is large due to the high temperatures and high viscosities involved at high SiO2 compositions. The variations of viscosity with mole fraction of SiO2 at 2 126 and 2 226 K are shown in Fig. 2 , from which it can be seen that the present model provides a good description of the viscosity for the Al2O3-SiO2 system.
Al2O3 System
The viscosity of pure Al2O3 at different temperatures can be calculated by the present model by extending the Al2O3-SiO2 system to the limiting case of mole fraction of SiO2 equal to 0 with the parameters obtained in Al2O3-SiO2 systems. The estimated values were compared with measured values due to Urbain et al. 32) and Rossin et al. 30) and are shown in Fig. 3 ; the mean deviation was found to be 4.8%. Therefore, the present model can determine the temperature dependence of viscosity for pure Al2O3 and SiO2 (the model are proposed based on the data of pure SiO2).
CaO-Al2O3-SiO2 Ternary System
The CaO-Al2O3-SiO2 system is a fundamental and important slag system in pyrometallurgy process, thus a study of this system is particularly important. Many researchers e.g. Toplis et al., 16) Kozakevitch et al., 33) Machin et al., 34) Yasukouchi et al., 35) Scarfe et al., 36) Bills et al., 37) Johannsen et al. 38) and Kita et al. 39) have measured the viscosity of this system at different composition points, with the mole fraction of Al2O3 varying from 0.03 to 0.51. The parameters αAl,Ca and were optimized using more than 500 groups of viscosity data. The estimated viscosity was compared with the experimental viscosity data and is shown in Fig. 4 ; the mean deviation was found to be 21.1%. In order to obtain a clear understanding of the change of viscosity with composition, the iso-viscosity contours at 1 873 K are given in Fig. 5 and are compared with the experimental data due to Toplis et al. 16) and Kozakevitch et al.. 33) It can be seen from Fig. 9 , that the viscosity exhibits a maximum at the composition of CaO/Al2O3 = 1 for a constant mole fraction of SiO2. Expermental measurements reported by Toplis et al. 16) and Kozakevitch et al. 33) and theoritical estimation by Urbain 3) all indicate the presence of a maximum near CaO/Al2O3 = 1 but exhibit a little deviation on the peraluminous side. The slight difference in the position of the maximum may result from the segment method when calculating the numbers of oxygen ions.
CaO-Al2O3 Binary System
The viscosity behavior of the CaO-Al2O3 system with composition has proved difficult to study experimentally due to the fact that the low-melting region is constricted to a narrow compositional range; thus research on this system has been limited, and the viscosity results are sometimes paradox. 24) At the same temperature, results of Rossin et al. exhibit a maximum near CaO/Al2O3 = 1 with the change of CaO content for data, while the viscosities measured by Urbain et al. decrease monotonously as increasing the content of CaO. From the amphoteric behavior of Al2O3, a viscosity maximum might exsist with the gradually addition of CaO to pure Al2O3, which has also be proved by the viscosity model of Urbain. 3) The present model also gives a maximum for the treatment of different types of oxygen ions. So, it is anticipated that the results of Rossin should be close to the calculated values by the present model. The viscosity of this system can be calculated by the present model by extending the CaO-Al2O3-SiO2 system to cover the limiting case of mole fraction of SiO2 equal to 0. The estimated viscosity values are compared with measured values reported by Rossin et al. 30) and Urbain et al. 40) in Fig. 6 ; the mean deviation was found to be 25.7%: 38.4% for Urbain's data and 17.1% for Rossin's data.
MgO-Al2O3-SiO2 Ternary System
The parameters αAl,Mg and for the MgO-Al2O3-SiO2 system were optimized using the viscosity data of Toplis et al., 16) Machin et al., 41, 42) Johannsen et al., 38) Riebling et al. 43) and Mizoguchi et al.. 44) The calculated values are compared with experimental values in Fig. 7 ; with the mean deviation was found to be 21.0%. The iso-viscosity contours for 1 873 K are given in Fig. 8 , from which it can be seen that a viscosity maximum occurs in the region where MgO/ Al2O3 > 1. This finding is supported by Toplis et 
CaO-MgO-Al2O3-SiO2 Quaternary System
The CaO-MgO-Al2O3-SiO2 quaternary system is a very important slag system. During the ironmaking process in a blast furnace, the primary components of the slag are CaO, MgO, Al2O3 and SiO2. Also in the refining process of steelmaking, the main constituents of the slag are CaO, MgO, Al2O3 and SiO2, in which some MgO is added to protect the slag lining from corrosion. This system has been widely - 45, 46) Lee et al., 47) Machin et al. 41, 42, 48) and Mishra et al. 49) etc. at different compositions with the mole fraction of Al2O3 ranging from 0.03-0.25.The viscosity of many high Al2O3 composition points have also been measured due to its importance to the increasing use of aluminous ore in ironmaking.
In this system, there are two cation Ca 2+ and Mg 2+ ion which can compensate Al 3+ ions; the Ca 2+ ion has priority in charge-compensation. The parameter was optimized using about 600 groups of the viscosity data. The estimated values are compared with by experimental data in Fig. 9 ; the mean deviation was found to be 18.4%. The present model provides a good description of the viscosity variation of the CaO-MgO-Al2O3-SiO2 system with regard to temperature and composition.
Discussions
(1) It is found that 13) CaO has a stronger ability to decrease viscosity than MgO in the absence of Al2O3, and this finding is also supported by the work of Zhang et al., 4) Mills et al. 6) and Shu et al.. 11) One possible reason may be that the bond around non-bridging oxygen connected to a Mg 2+ ion is stronger than that for a Ca 2+ ion. This may be due to the fact that the radius of the Mg 2+ ion is smaller than that of the Ca 2+ ion, which leads to the larger interaction of Mg 2+ ion with oxygen ion. This can also be seen from the magnitudes of the parameters of (= 6.908) and (= 7.422) which indicate that the deforming ability of nonbridging oxygen bonded with Ca 2+ ion is greater than that for the Mg 2+ ion. Different from the deforming ability of non-bridging oxygen, the deforming ability of bridging oxygen bonded with Al 3+ ion compensated by Mg 2+ ion is stronger than that compensated by Ca 2+ ion, which can be seen from the optimized parameters: = 6.908 < = 7.422; = 3.975 < = 7.115; αAl,Mg = 5.606 > αAl,Ca = 4.996. Since the basicity of CaO is higher than that of MgO, it may be concluded that the basic oxide with the higher basicity will lead to (i) a weaker bond around the non-bridging oxygen bonded to a metal cation M, and (ii) a stronger bond around the bridging oxygen bonded to an Al 3+ ion compensated by a M ion. In other words, the basicity of basic oxide plays a paradoxical role in viscosity, where an oxide with high basicity can decrease the viscosity by forming weaker bond around non-bridging oxygen. However, it can also increase the viscosity by participating in the charge compensation of Al 3+ ion to form a more stable tetrahedral structure.
(2) In order to understand how is the current model's prediction different from the exsisting ones. The viscosities of different systems are calculated by the viscosity models, and the mean deviations of different models for different systems are given in Table 2 . It should be pointed out that the data of CaO-SiO2, MgO-SiO2 and CaO-MgO-SiO2 can be found in our previous paper. 13) From Table 2 , it can be seen that the present model have a stronger ability of estimating the viscosity in CaO-MgO-Al2O3-SiO2 system, including the pure component, binary system, ternary system and quaternary system, relative to other models. Especially for CaO-Al2O3 binary system, none of the models except ours can give a well estimation. When constructing the viscosity model, all the models not adopt the viscosity data of CaO-Al2O3 system, so the estimation effect for this system can embody the extrapolation ability of model. The present model still can give a well result. The reasons for the larger deviations for other models may be: the model by Riboud et al. 2) doesn't consider the non-linear variation of activation energy of viscosity with the composition; models 3, 50) consider so little structure factor, and represent the viscosity data by optimizing lots of parameters, that leads to the narrow application ranges; models based on the optical basicity 51) encounter difficulties when dealing with the system containing Al2O3 for its amphoteric behavior.
Conclusions
A model (based on the classifications of oxygen ions) is proposed to describe the viscosity behavior of the CaOMgO-Al2O3-SiO2 system. The model uses only 11 parameters which are derived by are optimization of the experimental data. The following conclusions can be drawn:
(1) The structure of alumino-silicate melts are defined in terms of the different types of oxygen ions present, the concentrations of these different oxygen ions can be calculated on the basis of the assumptions (I-V). It provides be a simple and convenient way to study alumino-silicate melts.
(2) The present model provides a good description of the viscosity behavior of pure components: SiO2 and Al2O3; binary systems: CaO-SiO2, MgO-SiO2, Al2O3-SiO2 and CaOAl2O3; ternary systems: CaO-MgO-SiO2, CaO-Al2O3-SiO2 and MgO-Al2O3-SiO2; quaternary systems: CaO-MgOAl2O3-SiO2.
(3) The calculated results obtained with the model indicate a viscosity maximum occurs in the region where MgO/ Al2O3 > 1 for MgO-Al2O3-SiO2 melts with a constant SiO2 content, whereas, the maximum occurs in the region where CaO/Al2O3 = 1 for the CaO-Al2O3-SiO2 system.
(4) CaO has a stronger ability to decrease viscosity than MgO in silicate melts without Al2O3. However, when Al2O3 is present, there are two aspects: firstly, Ca 2+ ions takes priority (over Mg 2+ ions) in charge-compensating Al 3+ ions and tend to form more stable tetrahedral structures and thereby cause an increase in viscosity; secondly, in contrast, CaO can decrease viscosity more than MgO by forming weaker bonds around the non-bridging oxygen. lurgy, Ministry of Education.
Nomenclature η viscosity, dPas
A the pre-exponential factor, dPas E the activation energy of viscosity, J/mol R the gas constant, J/(mol K) T the absolute temperature, K k parameter for correlating the activation energy of viscosity E and the pre-exponential factor A xi mole fraction of component i OSi bridging oxygen, bonded to a Si 4+ ion non-bridging oxygen, bonded to both a Si 4+ ion and a metal cation, i Oi free oxygen, bonded with metal cation i OAl,i bridging oxygen, bonded to an Al 3+ ion charge balanced by cation i non-bridging oxygen, bonded with the metal cation j and Al 3+ ion charge balanced by cation i OAl oxygen bonded to an Al 3+ ion which is not charge balanced n the number of different type of oxygen ion α parameter for describing the mobility of oxygen ion relative to the mobility of OSi
